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Abstract
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Background—The gastric pathogen Helicobacter pylori relies on nickel-containing urease and
hydrogenase enzymes in order to colonize the host. Incorporation of Ni2+ into urease is essential
for the function of the enzyme and requires the action of several accessory proteins, including the
hydrogenase accessory proteins HypA and HypB and the urease accessory proteins UreE, UreF,
UreG and UreH.
Methods—Optical biosensing methods (biolayer interferometry and plasmon surface resonance)
were used to screen for interactions between HypA, HypB, UreE and UreG.
Results—Using both methods, affinity constants were found to be 5 nM and 13 nM for HypA–
UreE and 8 µM and 14 µM for UreG-UreE. Neither Zn2+ nor Ni2+ had an effect on the kinetics or
stability of the HypA–UreE complex. By contrast, addition of Zn2+, but not Ni2+, altered the
kinetics and greatly increased the stability of the UreE–UreG complex, likely due in part to Zn2+mediated oligomerization of UreE. Finally our results unambiguously show that HypA, UreE and
UreG cannot form a heterotrimeric protein complex in vitro; instead, HypA and UreG compete
with each other for UreE recognition.
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General significance—Factors influencing the pathogen's nickel budget are important to
understand pathogenesis and for future drug design.
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Helicobacter pylori is a spiral, Gram-negative microaerophilic bacterium that has been
shown to be the etiological agent of chronic atrophic gastritis and peptic ulcers [1], which
can eventually develop into gastric cancers [2]. Since about 50% of the world's population is
thought to be infected by the pathogenic bacterium[3], it is considered a major health threat.
Despite H. pylori being a neutralophilic bacterium, it is able to persist for decades in the
acidic habitat of the human stomach mucosa. In order to achieve this, the pathogen increases
the pH in its surrounding microenvironment by using urease, an enzyme that converts urea
into ammonia and carbon dioxide [4]. In addition, the gastric pathogen relies on a H2-uptake
[NiFe] hydrogenase to survive [5]. Both the urease and the hydrogenase enzymes require
nickel (Ni2+) in order to be catalytically active, and the Ni-maturation process involves a
battery of accessory proteins.
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Urease accessory proteins include UreE, UreF, UreG and UreH, the latter being homologous
to UreD of other bacteria [6]. Based on extensive studies done with Klebsiella aerogenes
genes expressed in Escherichia coli, UreD, UreF, UreG and UreE are expected to
sequentially bind to the urease catalytic enzyme [7].While all four proteins have been well
characterized in K. aerogenes, most studies have focused on UreE and UreG in H. pylori.
Hp, UreE is a dimeric Ni2+ and Zn2+-binding protein [8–11] thought to be the final Ni2+donor (to urease). Hp, UreG is a GTPase enzyme [12, 13] and GTP hydrolysis is needed for
the activation of urease, since site-directed mutagenesis of the conserved P-loop region of
UreG abolished urease activity [13]. Like Hp, UreE, Hp, UreG can also bind Ni2+ but it has
a much higher affinity for Zn2+ [12]. While apo-Hp, UreG has been shown to exist as a
monomer in solution, interestingly Zn2+ binding, but not Ni2+ binding, appears to promote
UreG dimerization [12].
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Besides the four UreE GH accessory proteins described above, a unique feature of the H.
pylori urease maturation pathway is that two hydrogenase accessory proteins, HypA and
HypB, are also required for full urease activity under nickel-limited conditions [14, 15].
Indeed, H. pylori hypA and hypB mutants are deficient in urease activity, a phenotype that
can be partially rescued by addition of Ni2+ into the growth medium[14] or by expression of
additional UreE engineered to have increased Ni-binding capacity [9]. Various studies in E.
coli have suggested that HypA would serve as a scaffold for assembly of the nickel insertion
proteins along with the hydrogenase precursor protein after delivery of the iron center [16,
17]. A similar role is expected for H. pylori HypA; previous studies have shown that HypA
is found as a dimeric protein in solution, capable of binding two Ni2+ ions per dimer [18].
Additional work indicated that HypA contains two metal sites, an intrinsic Zn2+, site and a
low-affinity Ni2+ binding site [19–21]. Similar to Hp, UreG, HypB is a GTPase [18]with a
highly conserved P-loop motif whose inactivation by site-directed mutagenesis leads to
abolishment of urease activity [13]. However, in contrast to Hp, UreG, only Ni2+ induces the
dimerization of Hp, HypB [22].
In vitro and in vivo interactions between H. pylori accessory proteins specifically needed for
urease maturation have been reported using an array of different methods. For instance,
interactions between H. pylori UreE and UreG were initially reported by Rain and
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coworkers, using yeast two-hybrid (Y2H) technology [23]. The interaction was later
confirmed by Y2H and coimmunoprecipitation [24], tandem affinity purification (TAP)
[25], as well as nuclear magnetic resonance (NMR) and isothermal titration calorimetry
(ITC) [8]. Results from the latter study suggested that two monomers of UreG could interact
with one dimer of UreE, with a dissociation constant KD of 4 µM; the same study also
revealed a role for Zn2+ (but not Ni2+) in stabilizing the UreE–UreG complex [8]. Similarly,
interactions between H. pylori hydrogenase accessory proteins HypA and HypB were first
suggested by Y2H studies [23]; crosslinking studies using purified HypA and HypB
subsequently demonstrated that both proteins could interact, regardless of nickel or GTP
provided in the reaction mixture [18]. This in vitro interaction was recently confirmed by
Xia and coworkers who also showed that the low affinity complex (KD of 52 µM) was
present in vivo [26].
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Finally, since hydrogenase and urease pathways share common proteins (e.g. HypA and
HypB) in H. pylori, it seems that these proteins may interact at some point with urease
specific chaperones, such as UreEFGH. Evidence for such interactions was provided a few
years ago, when heterologous HypA–UreE and HypB–UreG complexes were observed by
cross-linking of purified proteins [27]; the latter interaction was confirmed by another group
via a TAP approach [25]. However cross-linking or TAP approaches permanently capture
protein interactions and therefore do not provide any kinetic constants. Therefore the aims of
the present study were: (i) to determine whether two complementary optical sensing
methods, surface plasmon resonance (SPR) and biolayer interferometry (BLI), can be used
to provide association and dissociation constants for heterodimeric complexes formed
between hydrogenase and urease accessory proteins and (ii) to determine whether these
proteins cooperate to form higher order structures (e.g. heterotrimeric or heterotetrameric
structures) or compete with one another. First, we were able to confirm that the hydrogenase
maturation protein HypA is able to interact in vitro with the urease maturation protein UreE,
a critical “bridge’ between both maturation pathways. Dissociation constant calculations
indicated that this complex is three orders of magnitude tighter (nM range) than the KD
reported for other complexes (e.g. HypA–HypB or UreE–UreG). In addition, the previously
described UreE–UreG complex and its dependence upon Zn2+ but not Ni2+ were further
characterized. Finally, our results clearly show that HypA–UreE and UreE–UreG complexes
compete with one another, and do not form heterotrimeric complexes, further demonstrating
the intricate relationship between hydrogenase and urease maturation pathways.

2. Material and methods
2.1. Expression and purification of HypA, HypB, UreE and UreG
Accessory proteins HypA, HypB, UreE or UreG were expressed in E. coli BL21 (DE3) RIL
strain (Novagen, Gibbstown, NJ, USA), from a pET21b derivative plasmid, as previously
described [9, 13, 18]. Purification strategies were slightly modified from the ones previously
published. All proteins were purified using the ÄKTA FPLC purification system (GE
Healthcare, Piscataway, NJ). Briefly, HypA, HypB and UreG proteins were purified from
cell-free, membrane-free supernatants, using a combination of anion exchange (5-ml Q
sepharose column) followed by size exclusion chromatography (Superdex 75 16/60). The
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buffer used for purification of HypA, HypB and UreG was 20 mM Tris–HCl, pH 7.5 (with
NaCl concentrations ranging from 25 mM to 1 M). The recombinant UreE protein was
purified from cell-free, membrane-free supernatants, using a combination of cation
exchange (5-ml SP Sepharose) followed by size exclusion chromatography (Superdex 75
16/60). The buffer used was 50 mM Hepes, pH 7.2, 1 mM DTT (with NaCl concentrations
ranging from 25 mM to 1 M). After the last step, fractions containing the purified proteins
were pooled and concentrated using centricon YM-3 devices (Millipore, Billerica, MA) and
dialyzed twice against 1 L of buffer containing 50 mM Hepes, pH 7.0, 25 mM NaCl.
2.2. Protein analysis
Proteins were qualitatively analyzed on denaturing 15% SDS-polyacrylamide gels (Fig. S1).
Protein concentration was determined with the BCA protein kit (Thermo Scientific Pierce,
Rockford, IL) with bovine serum albumin as standard.
2.3. Inductively-coupled plasma emission spectrometry
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ICP-MS was used to determine the metal content of each protein and the dialyzing buffer.
All experiments were conducted on an Agilent 7500 CE octopole spectrometer. Twelve
different elements (Mg, V, Mn, Fe, Co, Ni, Cu, Zn, Mo, W, Pb and U) were measured in
triplicate for each protein and the dialyzing buffer. Finally the buffer-subtracted, average
value for each metal was used to determine the molar equivalent per monomer.
2.4. Optical biosensing
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All BLI measurements were made on a FortéBio (Menlo Park, CA) Octet QK biosensor
using streptavidin sensors. Assays were performed in 96-well microplates at 25 °C. All
volumes were 200 µL. Ligand proteins were biotinylated using NHS-LC-LC-biotin (succinimidyl-6-[bio-tinamido]-6-hexanamidohexanoate) (Thermo Scientific) at a 5:1 molar ratio of
biotin to protein for 30 min at 25 °C followed by rapid exchange into HBS-P (10 mM
HEPES, pH 7.4, 150 mM NaCl, 0.01% Surfactant P-20) by passage over a rapid desalting
column. Conditions were chosen according to the manufacturer so that each protein was
likely randomly biotinylated at an average of 1–2 positions. After loading biotinylated
ligand onto SA sensors, a baseline was established in binding buffer, HBS-P with or without
addition of 1 mM NiCl2 or ZnCl2prior to association at varying analyte concentrations. After
the association phase, sensors were moved to buffer only to monitor dissociation. When
metals were present, a subsequent dissociation phase was performed in buffer with 5 mM
EDTA. Nonspecific binding to sensors without ligand was negligible (see supplemental
information). Raw sensor data were analyzed using GraphPad Prism.
All SPR measurements were made on a Biacore X100 biosensor (GE Healthcare,
Piscataway, NJ) using a biotin CAPture chip. Biotinylated ligand was tethered to the chip
via the capture reagent prior to injection of analyte. After dissociation, regeneration was
achieved in 6 M guanidium chloride and 250 mM NaOH prior to tethering of ligand for
subsequent analyte injections.
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3.1. Protein analysis
HypA, HypB, UreE and UreG were each independently expressed in E. coli and purified to
near homogeneity, as visualized on Coomassie-stained SDS-polyacrylamide gels (Fig. S1).
The metal content of each protein was determined by ICP-MS. The Ni2+/monomer molar
ratios were 0.02, 0.002, 0.004 and 0.002 for HypA, HypB, UreE and UreG, respectively,
indicating that each protein was essentially Ni2+-free. Even though no Zn2+ was added to the
growth medium, HypA was almost saturated with Zn2+ with a molar ratio of 0.89±0.09 Zn2+
permonomer, while HypB, UreE and UreG had lower amounts of Zn2+ (0.146±0.005,
0.066±0.003 and 0.050±0.005, respectively). As previously reported, H. pylori HypA
possesses an intrinsic Zn2+ binding site involving two conserved CXXC motifs and is able
to bind one Zn2+ permonomer [20, 21, 28]. Since previous attempts to express Zn2+-free
HypA in E. coli [28] or to remove Zn2+ from purified HypA by chelation [21] were reported
to be unsuccessful, Zn2+-bound HypA was used throughout this study.
3.2. Initial binding studies
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An initial survey of binding among HypA, HypB, UreE and UreG was undertaken (Fig. 1).
Each protein was used as biotinylated ligand and exposed to 5 µM of each of the four
analyte proteins. Binding was observed between HypA and UreE regardless of which one
was tethered to the sensor. Binding between UreE and UreG was observed only when UreG
was the ligand. No interaction between HypA and UreG was observed, and there was no
binding detected between HypB (either used as ligand or analyte) and any of the three other
proteins under the conditions used (Fig. 1).
3.3. HypA–UreE interactions
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Using BLI and SPR, detailed kinetic analyses were performed to assign association and
dissociation rates and affinity constants for the HypA–UreE complex. BLI experiments,
using immobilized biotinylated HypA and varying concentrations of UreE analyte, revealed
complex binding (Fig. 2). Sensor grams were fit to a two-state parallel model. Most of the
amplitudes of association were a result of fast binding though a slow component was also
present (Fig. 2A). Two dissociation states were also observed (Fig. 2B) with off rate
constants of 0.02 s−1 and 0.0014 s−1. By plotting observed rate constants from the
association phases versus UreE analyte concentration, we were able to calculate kon values
of 2.6±0.5×105 M−1 s−1 and 1.9±0.7×104 M−1 s−1 (Fig. 2C). Assuming a parallel model, this
corresponds to a high affinity KD of 5.4 nM and a low affinity KD of 1.1 µM. Some
complexity was likely due to irreversible aggregation on the sensors (see Discussion) and
was accounted for in the fits by plateaus in the dissociation phase, the shifts for which range
from 0.12 nm (1000 nM UreE) to 0.002 nm (16 nM). Addition of 10-fold molar excess Ni2+
or Zn2+ did not affect HypA–UreE association or dissociation phases (Fig. S2).
Analysis of HypA–UreE interaction by SPR confirmed complex binding between both
proteins. Single-cycle kinetics (Fig. 3) evinced binding that fits a two-state sequential model
(A+B↔AB↔AB*) with a fast initial binding followed by slower rearrangement leading to
a stable complex (Chi2=2.58). Calculated rate constants were as follows: kon: 2.6×106 M−1
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s−1 and koff: 0.15 s−1 for the initial binding; kon: 9×10−3 M−1 s−1 and koff: 0.003 s−1 for the
conformational change. The overall KD was 13.5 nM, in good agreement with the high
affinity KD determined by BLI analysis. Differences between the constants determined on
each platform can be ascribed to various causes such as ligand presentation (see Discussion).
However, observed binding on both platforms had a fast initial association and a stable
complex described by the low nanomolar KDs.
3.4. UreE–UreG interactions
Binding between UreE and UreG was also complex, did not fit a simple model and was
dramatically altered by addition of zinc (Fig. 4). First, immobilized UreG was used as ligand
and exposed to increasing concentrations of UreE, in the absence (Fig. 4A) or the presence
(Fig. 4B) of 1 mM zinc. Three phases were performed; association, dissociation, and then an
additional dissociation in the presence of 5 mM EDTA (Fig. 4A and B).
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In absence of zinc, association (Fig. 4C) and dissociation (Fig. 4E) phases were fit
separately to two-state models, but kobs as a function of UreE analyte concentration were not
linear, suggesting additional complexity or perhaps a conformational change (data not
shown). Simulations of sequential binding could not account for the data either (data not
shown). Off-rates in the absence of zinc were 0.16 s−1 and 0.012 s−1. Association rates could
not be calculated due to the complexity of the interaction, but steady-state analysis (Fig. S2)
yielded an overall affinity of 14 µM, much weaker than that of HypA–UreE binding (nM
range). Complementary analysis of UreE–UreG interaction by SPR was performed (Fig. S3,
Panel A). SPR steady-state analysis yielded a KD of 7.6 µM, in general agreement with the
BLI data (Fig. S3, Panel B).
In comparing the absence (Fig. 4A) and presence (Fig. 4B) of zinc, higher amplitude binding
as well as slower dissociation is evident. Association in presence of zinc was fit to a two
state model, although rate constants could not be assigned because of complexity (Fig. 4D).
Nevertheless, the initial, rapid binding approximates first order and rates are slower than for
the same analyte concentrations in the absence of zinc. These results suggest that initial
binding is that of a UreE or UreG monomer whose active population is reduced in the
presence of zinc, i.e. zinc-induced oligomerization (see Discussion). Nonspecific binding in
the presence of zinc remained negligible (Fig. S4).
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A one-state model fit initial dissociation (koff: 0.01 s−1) only when a plateau was included in
the model (Fig. 4F). However, plateaus represented ~70% or more of binding amplitude,
reflecting a practically non dissociable bound state. When sensors were moved to a second
dissociation phase in buffer containing EDTA, very rapid dissociation was observed,
indicating that a substantial fraction of the tightly bound complex is zinc-dependent (Fig.
4B). The remainder of the binding is likely aggregation of complexes on the sensor.
Complexes transferred directly from association phase to dissociation with EDTA showed
the same rapid-off dissociation to a non-zero plateau, indicating that the aging occurred
during association (Fig. S4).
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In addition, since UreG is a GTPase [13], we investigated whether GTP would enhance or
prevent the UreE–UreG complex formation. Addition of 5 mM GTP into the mixture did not
have any effect on UreE–UreG binding, as monitored by BLI (Fig. S5).
3.5. Competition between HypA and UreG for UreE binding
Competition binding experiments were performed using BLI, with biotinylated UreG as
ligand, UreE (5 µM) as analyte and HypA (10 µM) as competitor, in the absence of added
nickel or zinc (Fig. 5). When competing HypA was present, UreE–UreG binding was
virtually abolished, suggesting that all UreE proteins were now dedicated to the HypA–UreE
complex rather than being involved in UreG-UreE binding (Fig. 5). As a negative control,
HypA alone (no UreE analyte) did not bind to UreG (Fig. 5). The competition effect was
also observed when using HypA as ligand, UreE as analyte and UreG as free competitor,
although in this case HypA–UreE binding was only decreased in the presence of UreG, and
was not totally abolished (data not shown). Nevertheless our results unambiguously show
that HypA and UreG proteins can compete in vitro for UreE binding, instead of forming a
trimeric HypA–UreE–UreG complex.
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4. Discussion
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Optical biosensing methods such as SPR and BLI are now widely used to measure
biomolecular interactions in vitro. While SPR remains the biosensing method of choice,
there is growing interest in BLI as an alternate method. Like SPR, BLI measures surfaceinduced light refractions, however it usually avoids refractive changes unrelated to binding
[29, 30]. In this study we used both complementary methods to analyze interactions between
four H. pylori accessory proteins previously shown to be needed either for hydrogenase and
urease maturation (HypA and HypB) or solely for urease maturation (UreE and UreG). A
preliminary BLI survey among the four proteins of interest in this study revealed the
formation of two protein complexes, HypA–UreE and UreE–UreG. Binding between HypA
and UreE was observed regardless of which protein was ligand or analyte. Differences in
amplitude between the ligand-analyte pairs are ascribable to differences in amount of ligand
immobilized, analyte masses or active populations. Binding between UreE and UreG was
observed only when UreG was the ligand. Both complexes were expected because they had
been previously reported by several groups, using various detection methods [8, 23–25, 27].
Based on previously published studies, we were also expecting interactions between HypA
and HypB [18, 23, 26] as well as between HypB and UreG [25, 27]. Despite several
attempts using various batches of purified HypB protein, neither optical biosensing method
(BLI or SPR) revealed any interaction involving HypB. However, failure to observe binding
does not allow the conclusion that the proteins do not bind, as there are reasons why
otherwise interacting proteins may give a negative result via biosensing, e.g. biotinylation
could alter protein- or metal-binding sites.
Analysis of HypA–UreE and UreE–UreG interactions revealed complex binding, with fast
and slow states of association and dissociation. In the case of HypA and UreE analyzed by
BLI, binding was fit by a parallel model which ignores non-dissociable binding. The
irreversibly bound state was not nonspecific binding, as the analyte bound negligibly to

Biochim Biophys Acta. Author manuscript; available in PMC 2014 May 12.

Benoit et al.

Page 8

NIH-PA Author Manuscript

sensors not loaded with ligand; rather, this reflected an aging of HypA–UreE complexes on
the sensors, as previously reported for other proteins [31, 32]. Two-state binding was also
observed in SPR and was thus unlikely to be solely an artifact of the method, though it could
reflect heterogeneous populations. With an unknown stoichiometry, it is possible that
multiple binding sites exist. The appreciable off rate correlates with results from a previous
study indicating that cross-linking was needed to capture the HypA–UreE interaction [27].
Addition of nickel or zinc did not affect the formation or stability of the HypA–UreE
complex, suggesting that neither metal is required for such interaction, in agreement with
previous results indicating that nickel was not needed for interaction between both proteins
[27]. However, given that the recombinant HypA protein used in the present study was zincsaturated, the lack of a zinc effect on this particular complex must be analyzed with caution.
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SPR analysis of HypA–UreE yielded excellent fits to a sequential (conformational change)
model. Given the tethering strategy (biotinylated protein bound to a streptavidin-conjugated
oligonucleotide in turn bound to its complement on a dextran matrix) it is likely that the
ligand had more freedom than when it was attached to the BLI sensors. Therefore we
consider the SPR analysis more likely reflective of the biologically relevant complexity. The
same interaction may be happening in BLI, but it may be masked by other events such as
anomalies of immobilization and the aging of complexes into irreversibly bound states.
Regardless of the complexities inherent in the binding, both methods correlate to low nM
KD that results from fast initial binding and relatively slow off rates.
UreG-UreE binding was even more complex in that neither parallel nor sequential models
explained the data. While parallel fits are shown in Fig. 4A, C, and E, they allow for
plateaus in the dissociation phase which represent up to ~25% of total binding. Another
likely reason for complexity was heterogeneity of both ligand and analyte. There was some
EDTA-induced rapid dissociation in the no-zinc added experiment, reflecting a small
population of stably bound complexes containing endogenous zinc or other metal. Indeed,
ICP-MS results showed small fractions of the purified UreE and UreG proteins were zincbound. Other factors, including ligand presentation anomalies, may also affect binding.
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BLI and SPR steady-state analysis of UreE–UreG binding revealed KD of 7.6 µM and 14
µM respectively, in good agreement with previously published results [8] and much weaker
than that of HypA–UreE binding (nM range). In addition, BLI experiments showed a clear
effect of zinc on stabilizing the UreE–UreG complex. Our results confirmed those of
Bellucci et al., who used size-exclusion chromatography, light scattering and ITC
experiments to show that zinc was stabilizing the UreE–UreG complex [8]. This stabilizing
role was in part attributed to previously shown zinc-induced UreG dimerization [12]. In the
BLI UreE–UreG binding experiments described herein, UreG was used as biotinylated
ligand and therefore bound to SA sensor. This condition would theoretically inhibit zincinduced protein dimerization, but this is a possibility worth considering. Oligomerization on
the sensor as multiple analytes bind is another distinct possibility, one supported by the
observation than zinc does not significantly alter HypA–UreE binding (Fig. S2). The
difference in amplitude of the association phases relative to zinc could also be due to other
factors, including oligomerization of UreE. Such oligomerization would correlate with the
observed reduced rates of initial binding (Fig. 4D; slower diffusion of larger order
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structures) and the very slow dissociation (Fig. 4F; higher affinity complexes), in stark
contrast to the rapid no-zinc dissociation (Fig. 4E). Previous studies have shown that Hp
UreE is usually found as a dimer in solution [8, 9]; in addition crystal structures of metalbound forms of HpUreE revealed that dimers of UreE dimers (“kissing” dimers) can
associate around the metal ion (Cu2+, Ni2+ or Zn2+) through coordination by His102 residue
[10]. Similar tetrameric forms have been reported in the case of Zn2+- bound UreE from
Bacillus pasteurii [33,34] or Cu2+, Ni2+, or Zn2+- bound UreE from K. aerogenes [35].
However such UreE “kissing dimers” would hinder rather than favor UreE–UreG
interaction. In addition, zinc-bound UreG could also induce oligomerization of UreE.
Finally, EDTA-driven dissociation of zinc-stabilized complexes demonstrates zinc
dependence. The rapid loss of much of the binding probably reflects all the complexes
capable of dissociation, the remainder being the age don aggregates observed elsewhere [31,
32].
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HypA and UreG compete for binding to UreE. Addition of HypA abolished UreE–UreG
binding (Fig. 5), while addition of UreG only partially decreased the formation of HypA–
UreE complex (data not shown). Several conclusions can be drawn from this study. First,
when HypA, UreE and UreG are present, our results suggest that the HypA–UreE complex
would be favored over the UreE–UreG complex, in agreement with the KD values calculated
in this study: the HypA–UreE complex is much tighter, with KD approximately 3 orders
magnitude lower than that of UreE–UreG (KD between 4 and 14 µM; this study and [8]).
Second, the mutual exclusion of both protein complexes suggests that binding sites may
overlap. Third, there was no evidence for a ternary complex since response was always
lower in the presence of competitor; indeed a HypA–UreE–UreG complex would be
expected to generate more signal due to larger mass. Therefore this implicitly suggests that
both dimeric complexes (HypA–UreE vs UreE–UreG) happen sequentially and this may
influence the maturation of one Ni-sink (hydrogenase) over another (urease). Indeed, HypA
is also a hydrogenase accessory protein (besides being a urease accessory protein)while
UreE and UreG are not.

NIH-PA Author Manuscript

Examination of the effects of zinc and other metals on competition may elucidate some
details of the maturation pathways and will be pursued in future studies. For example, the
bacterium is likely faced with different conditions in which urease versus hydrogenase
maturation is advantageous and cytoplasmic metal levels may influence this metal
partitioning.

5. Conclusion
These results shed light on the intertwined relationships between both Ni-enzyme maturation
pathways (hydrogenase and urease) in H. pylori. The hydrogenase and urease maturation
protein HypA can compete in vitro with the urease maturation protein UreG for recognition
of the urease accessory protein UreE, rather than making a trimeric complex HypA–UreE–
UreG.
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Fig. 1.

Initial BLI binding survey. For each plot, the indicated ligand was tested for binding against
5 µM HypA (red), HypB (blue), UreE (black) or UreG (green). 0 s corresponds to beginning
of association phase. Sensors were moved to buffer only to monitor dissociation at 300 s.
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Fig. 2.

Kinetic analysis of HypA–UreE binding by BLI. A. Association phase. Sensor-immobilized,
biotinylated HypA was exposed to (from bottom to top) 16, 32, 63, 125, 250, 500 or 1000
nM analyte UreE for 300 s. B. Dissociation phase. Immediately after association, sensors
were moved to buffer only and dissociation was observed for 300 s. Both association and
dissociation were fit to parallel two-state models. Off rate constants were determined to be
0.02 s−1 and 1.4×10−3 s−1. All data are reference-subtracted and nonspecific binding was
negligible (data not shown). C. Determination of on rate constants. Observed rate constants
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determined from fits of the association phase plotted against analyte concentration yield
slopes (= kon) of 2.6×105, M−1 s−1 for the fast state and 1.9×104 M−1 s−1 for the slow state.
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Fig. 3.

Single-cycle SPR kinetic analysis of HypA–UreE binding. Analyte concentrations of 6.25,
12.5, 25, 50 or 100 nM UreE (as shown by arrows) were injected across a CAP chip with
214 RU tethered biotinylated HypA. Association times were 120 s and were followed by
dissociation phases of 180 s prior to the next injection of analyte. Raw data are shown with
an overlapping fit to a two-state sequential binding model.
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Fig. 4.

BLI analysis of UreG-UreE interactions. A. Binding of ligand UreG to analyte UreE in the
absence of zinc. Phases are 0–300 s, association; 300–600 s, dissociation; 600–900 s,
dissociation in buffer with 5 mM EDTA. Analyte concentrations were (from bottom to top):
0, 0.312, 0.625, 1.25, 2.5, 5, 10 or 20 µM UreE. B. Binding in the presence of zinc. All
conditions and concentrations were the same as in A, except that 1 mM ZnCl2 was added to
all phases. C. Association phase in the absence of zinc; fits to two-state parallel model. D.
Association phase in the presence of zinc; fits to two-state parallel model. E. Dissociation
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phase in the absence of zinc; fits to a two-state model. F. Dissociation phase in the presence
of zinc; fits to a one-state model with plateaus.
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Fig. 5.

BLI analysis of competition binding. Ligand UreG in presence of UreE analyte only (green
circle) or HypA analyte only (blue triangle) or UreE analyte in presence of preequilibrated
competing HypA (red square). UreE concentration was 5 µM, competing HypA
concentration was 10 µM.
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